ABSTRACT The current study was undertaken to investigate the role of the chemical and tactile cues in hostÐplant selection by Spodoptera frugiperda (Smith). Adult female S. frugiperda seemed not to depend on plant volatiles for orientation to host plants. In general, females oviposited more on control areas than on areas treated with leaf extracts of corn, cotton, and tomato. This outcome was independent of extraction duration (1 or 60 min) or solvent (hexane or methanol). The hexane extract of corn inhibited oviposition at doses of 1 and 0.2 g/ml but not at 0.005 and 0.001 g/ml. The methanolic leaf extract decreased oviposition at dosages of 1, 0.2, and 0.005 g/ml but not at a dosage of 0.001 g/ml. S. frugiperda females deposited more eggs on grooved or pitted surfaces than on smooth surfaces. Tactile cues seemed to be highly important during oviposition and could neutralize the deterrent effect of the corn leaf extracts; females oviposited on grooved surfaces independently of the presence or absence of leaf extracts.
THE HOST-FINDING BEHAVIOR OF generalist insects has been studied in relatively few species, possibly because the currently accepted paradigm is that the host-selection process of a generalist insect is inßu-enced by common, nonspeciÞc stimuli (found in a large range of plant species) or by stimuli in nonhost plants that inhibit host selection. In contrast, host selection by specialist insects is considered primarily inßuenced by a set of stimuli speciÞc to the hosts (Renwick 1989) . Ramaswamy (1988) proposed that the ßight and orientation of generalist moths may be triggered by general mechanisms such as photo-and anemotaxis. He proposed that no speciÞc olfactory cues are used for orientating to the host plant and that host discrimination is based on mechanoreception of surface texture and contact chemoreception, principally involving moisture, sugar, amino acids, and vitamins.
In this study, we investigate the role of chemical and tactile cues in the hostÐplant selection process of the fall armyworm, Spodoptera frugiperda (Smith). This generalist noctuid moth is distributed from Argentina northward, throughout Central and North America (Mitchell 1979) . S. frugiperda larvae have been observed feeding on Ͼ60 species of plants (Mitchell 1979) . Several studies have shown S. frugiperda females prefer to lay eggs on several members of the Poaceae (e.g., corn, sorghum, Johnson grass) rather than on other plant species (Pitre et al. 1983 , Whitford et al. 1988 ). However, females may also oviposit on nonplant material despite the presence of a host plant nearby (Pitre et al. 1983) . S. frugiperda is one of the most important pests of corn and sorghum in the Americas.
Materials and Methods
Moth Rearing. A laboratory colony was started using healthy S. frugiperda larvae collected from corn Þelds within a 30-km radius of Tapachula, Chiapas, Mexico (14Њ54Ј N, 92Њ15Ј W). The insects were reared until the F10 generation. Thereafter, the colony was initiated with fresh material from the Þeld. All insects were reared in controlled conditions under 14:10 (L:D) h photoperiod cycle at 25 Ϯ 1ЊC and 60 Ϯ 10% RH. Larvae were reared on an artiÞcial diet slightly modiÞed from Poitout et al. (1972) by addition of formaldehyde solution 37% wt:vol, and maize ßour. After hatching, larvae were placed in a white polystyrene cup (4.5 cm high by 4 cm diameter; Convermex, Puebla, Mexico) with diet until the third instar. They were then individually reared to pupation in clear plastic cups (45 high by 30 wide mm) with lids. Each contained about 3 ml of diet. Pupae were sexed and placed in glass boxes (30 by 30 by 30 cm) for adult emergence. To obtain mated females, groups of newly emerged 10 females and 15 males were placed together in circular plastic containers (20 cm high by 12 cm diameter). Females 5Ð7 d old were used in all experiments. After bioassays, females were dissected to verify mating status by the presence of spermatophores in the bursa copulatrix. Adults were maintained in the conditions described above, with the scotophase and photophase reversed from the natural light cycle to permit scotophase bioassays during normal working hours. Moths were fed with a 10% (wt: vol) sugar solution dispensed on cotton wool placed inside of the containers.
Plant Material. Corn (Zea mays L., ÔCristiani BurkardÕ), cotton (Gossypium hirsutum L., ÔDeltapine 51Õ), and tomato, (Lycopersicum esculentum Miller, ÔRio VerdeÕ) were used in the bioassays and for preparing the extracts. These plants were chosen because they are known as hosts of S. frugiperda (Pitre et al. 1983 , Andrews 1988 and they have different chemical and physical characteristics. Experimental plants were used at 30 Ð 40 d after planting when they were Ϸ50 Ð 60 cm high. Single seeds of maize and cotton were planted in plastic pots (12 cm high by 10 cm diameter) containing sterile soil. Tomato seeds were sown thinly 12 mm deep in rows 20 cm apart in plastic trays with sterile soil. Ten days after sowing, single tomato plants were transplanted to plastic pots. The pots were placed inside 120 by 120 by 120 m muslincovered cages to protect the plants from insect attack. Cages were placed in sunlight outside the laboratory. Plants were watered daily and an NÐPÐK (17:17:17) fertilizer treatment was applied at 15-d intervals.
Plant Extracts. Plant extracts were made using the technique described by Breeden et al. (1996) . One hundred grams (wet weight) of whole leaves of cotton and tomato and leaves between nodes four and nine of corn plants was placed in a glass container with 400 ml of hexane or methanol and gently shaken for 1 or 60 min at 25ЊC. The brief extraction removed surface chemicals, whereas the longer extraction increased the possibility of extracting internal components (Millar and Sims 1998) . The extracts were concentrated to 1 g leaf equivalent/ml of solvent and stored at Ϫ20ЊC until used in bioassays.
Response to Host Plants in a Wind Tunnel. Moth behaviors were observed in a ßight wind tunnel that was 180 cm long, 70 cm high, and 70 cm wide. A fan pushed charcoal-Þltered air through the tunnel at a velocity of 35 cm/s. Illumination was provided by ten 15-W tungsten lamps mounted 5 cm above the wind tunnel, giving a light intensity of 0.00033 W/cm 2 . The insects were individually placed in a 5-cm-high plastic pot with a diameter of 4 cm (release cylinder). Insects were allowed to acclimatize to the wind tunnel room conditions for at least 1 h before testing. A pot with one or two plants was placed in the center of the wind tunnel, 30 cm from the upwind end. Each observation began by placing the release cylinder on a 45-cm-high platform at the downwind end of the tunnel, and one insect was released and observed for 5 min. The insects were recorded for taking off, random ßight, oriented ßight toward a plant, landing, and oviposition. After 5 min, the female was removed from the tunnel, and a new moth was introduced and observed. The response of mated females to tomato, corn, and cotton was observed. For each plant species, 50 females were tested as 10 groups of 5 moths exposed sequentially. Plant species were alternated between the series of Þve females. Only one plant was used during a bioassay, and a given plant was used only once.
Response to Plant Extracts. A cylindrical arena (30 cm diameter by 20 cm high) was used to evaluate the effect of extracts on oviposition. The arena was made of a metallic mesh with 60 grit garnet sandpaper on the ßoor. The top of the arena was sealed with an oviposition substrate made of metallic mesh lined with Þlter paper (30 cm diameter, 127 g/m 2 ; Perfelter, Mexico City, Mexico), onto which the extract or control was applied. The Þlter paper was divided in half with a light pencil line, and one-half of the Þlter paper was treated uniformly with 5 ml of leaf extract. The other half was treated with 5 ml of solvent (hexane or methanol) as the control. With an extract concentration of 1 g/ml of solvent, this application rate resulted in 5 g extract per Þlter-paper half. Special care was taken to avoid contaminating the control area with plant extracts. Once the solvent had evaporated, four mated females were introduced into the arena. The number of egg masses deposited on the test and control areas was recorded at the end of 10 h of scotophase. Observations with S. frugiperda females have shown that the Þnal selection of the oviposition site is made before the actual egg deposition. During the deposition of the egg mass, the host is no longer examined (unpublished data). Therefore, preference was determined from the number of egg masses laid on each alternative half rather than on the total number of eggs. A 10% sugar solution on a small wad of cotton wool was placed on the ßoor of the arena for feeding. Arenas were maintained in a room at 24 Ϯ 2ЊC, 50 Ð 60% RH, and on a 14:10 (L:D) h photoperiod. The room air was exhausted to the outside and continuously replenished with fresh air.
Two trials were performed. First, the response of mated females to hexane and methanol extracts of corn, cotton, and tomato (1 and 60 min of extraction) was evaluated at 1 g/ml dose. Second, the response of females to methanol and hexane extracts of corn (1-min extraction) at doses of 1, 0.2, 0.005, and 0.001 g/ml was evaluated. For each treatment, 15 replicates were performed.
Tactile Stimuli. The importance of this cue was investigated using a cylindrical metallic arena similar to that described above, except it was 10 cm high by 5 cm diameter. Three oviposition substrates with different surface characteristics (smooth, pitted, and grooved) were used. The oviposition substrate consisted of a Þlter paper (5 cm diameter), which was submerged for 10 s into parafÞn (solidiÞcation point 57Ð 60ЊC; Merck, Darmstadt, Germany). Subsequently, one-half of the paper was pitted (pit diameter ϭ 0.5 mm, Ϸ55 pits/cm 2 ) or grooved (0.4 mm between grooves) by using a teasing needle. The smooth substrate was not submitted to any treatment. The following comparisons were performed: pitted versus smooth, grooved versus smooth, and pitted versus grooved. Two mated females were introduced into the experimental arena at the beginning of the scoto-phase. The number of egg masses on each surface was recorded at the end of the 10-h scotophase period. Arenas were maintained at the conditions described above. Each treatment was performed 20 times.
Interaction Between Chemical and Tactile Cues. The possible interaction between these two cues was investigated by using the grooved and smooth substrates and hexane and methanol corn extracts (60-min extraction) at a dose of 0.2/ml. The Þlter paper was dipped into parafÞn and grooved as described above. The ovipositional substrate was divided in two halves, onto which two different treatments were placed. The following comparisons were carried out: grooved surface treated with corn extract versus grooved surface and grooved surface treated with corn extract versus a smooth surface. At the beginning of scotophase, two mated females were introduced into the experimental arena. The number of egg masses in each treatment was recorded at the end of scotophase. For each comparison, 25 replicates were performed.
Statistical Analysis. Differences in the number of egg masses between the different treatments were analyzed with a Mann-Whitney two-sample test (P Ͻ 0.05) using the SPSS program version 10.0 (Chicago, IL).
Results
Response to Host Plants in a Wind Tunnel. More than one-half of the females placed in the wind tunnel ßew during the 5-min period of observation (58, 64, and 66% with tomato, cotton, and corn, respectively). Females left the release cylinder and ßew quickly in a random fashion; many of them then landed on the wall of wind tunnel. Generally they stayed on the wall, but in a few cases, females ßew again. In no case was zigzagging ßight typical of positive anemotaxis observed. Only 14% of the females landed on corn plants, and 4% of females landed on cotton plants, whereas no females landed on tomato plants. Landing on corn and cotton plants was never preceded by plume-oriented ßight. None of the females that landed on corn and cotton oviposited on these host plants.
Female Response to Plant Extracts. The total numbers of egg masses deposited by S. frugiperda females on plant extracts at a dose of 1 g/ml or on controls (area treated with solvents) are shown in Table 1 . In general, oviposition was greater on control areas than those treated with plant extracts (P Ͻ 0.05). This tendency was not dependent on extraction duration (1 or 60 min) or solvent (hexane or methanol). The exception was cotton and tomato methanol extracts and tomato hexane extract, where there was no signiÞcant difference between the numbers of egg masses deposited on plant extract versus control areas.
The hexane extract inhibited female oviposition at doses of 1 and 0.2 g/ml (U ϭ 50, df ϭ 1, P ϭ 0.003 for 1 g/ml; U ϭ 57, df ϭ 1, P ϭ 0.02 for 0.2 g/ml), whereas doses of 0.005 and 0.001 g/ml received egg masses equal to control areas (U ϭ 97.5, df ϭ 1, P ϭ 0.54 for 0.005 g/ml; U ϭ 46, df ϭ 1, P ϭ 0.46 for 0.001 g/ml; Fig.  1A ). The methanol extract depressed oviposition at doses of 1, 0.2, and 0.005 g/ml (U ϭ 54.5, df ϭ 1, P ϭ 0.004 for 1 g/ml; U ϭ 52, df ϭ 1, P ϭ 0.01 for 0.2 g/ml; U ϭ 45.5; df ϭ 1, P ϭ 0.004 for 0.001 g/ml) but not at 0.001 g/ ml (U ϭ 78, df ϭ 1, P ϭ 0.16; Fig. 1B) .
Tactile Stimuli. Spodoptera frugiperda females deposited signiÞcantly more eggs on grooved surfaces than on smooth surfaces (U ϭ 43.5, df ϭ 1, P Ͻ 0.001). Females also oviposited signiÞcantly more eggs on pitted surfaces than on smooth surfaces (U ϭ 32.5, df ϭ 1, P Ͻ 0.001). There was no signiÞcant difference between the number of egg masses laid by females offered a choice of grooved and pitted surfaces (U ϭ 170.5, df ϭ 1, P ϭ 0.39; Fig. 2) .
Interaction Between Chemical and Tactile Cues. In the Þrst test, we evaluated whether the corn extracts inhibited female oviposition on preferred (grooved) and nonpreferred (smooth) surfaces. The chemical extracts did not change the preference of females for laying on grooved surfaces (methanolic extract: U ϭ 204, df ϭ 1, P Ͻ 0.001; hexanic extract: U ϭ 101.5, df ϭ 1, P Ͻ 0.001; Fig. 3 ). In the second test, we evaluated whether females avoided the corn extracts placed on grooved surfaces relative to grooved surfaces not treated with the extracts. Females did not prefer treated over nontreated grooved surfaces (methanolic extract: U ϭ 243.5, df ϭ 1, P ϭ 0.32; hexanic extract: U ϭ 204.5, df ϭ 1, P ϭ 0.33; Fig. 3 ). In this experiment, the tactile cue predominated and offset any negative effect of the corn extract. 
Discussion
Our wind tunnel results for S. frugiperda females agree with the proposal by Ramaswamy (1988) that generalist moths do not depend on plant volatiles for host Þnding. These results also agree with those for Helicoverpa virescens (F.), Ethiella zinckella Treitschke, and Epiphyas postvittana (Walker) (Ramaswamy et al. 1987 , Hattori 1988 , Foster and Howard 1998 . Nevertheless, several other studies using generalist moths have shown that plant volatiles can in- ßuence the orientation to plants (Landolt 1989 , Tingle et al. 1990 , Rembold et al. 1991 , Phillips and Strand 1994 , Hartlieb and Rembold 1996 , Rojas 1999 . For example, Landolt (1989) showed that mated female of Trichoplusia ni (Hubner) were attracted to plants in response to plant volatiles. In the case of S. frugiperda, more precise experiments using females under different physiological conditions and under more natural conditions are necessary to conclude whether volatiles compounds elicit any orientation in females or not.
The inhibitory effect of the extracts on female oviposition suggests the presence of deterrent compounds in host plants and supports the results of Williams et al. (1986) . They observed that S. frugiperda oviposition on paper towels treated with water, methanol, dichloromethane, and hexane extracts of corn leaves was signiÞcantly reduced compared with towels treated with the solvent alone. Extracts from larval frass and artiÞcial diet also deterred oviposition. The gelling agent carrageenan was found to be the component responsible for deterring oviposition from the artiÞcial diet. Williams et al. (1986) suggested that there may be at least two types of deterrents: one synthesized by corn plants and released by larval feeding and another produced by larvae and excreted in larval frass.
The presence of deterrent compounds in host plants of S. frugiperda is difÞcult to explain. Oviposition deterrents have often been isolated from nonhost plants, but compounds deterrent at perhaps elevated concentrations may also be present in less suitable host plants (Renwick and Radke 1981 , Renwick 1990 , Yokoyama and Miller 1991 , Grant and Langevin 1995 . For example, oviposition of Choristoneura fumiferana (Clemens) and Choristoneura occidentalis Freeman is deterred by chemical compounds in foliage of host and nonhost conifers (Grant and Langevin 1995) . One possible explanation for the results of the current study is that, during the preparation of the extracts, the plants could release unnaturally high levels of deterrent compounds because of the mechanical damage. Williams et al. (1986) suggested that deterrents are released during the feeding of larvae of S. frugiperda on corn and sorghum. They also suggested that these compounds may effectively reduce the herbivore load on severely damaged host plants by stimulating newly emerged moths to disperse away from the area of origin before depositing their eggs. Preliminary experiments using mechanically damaged corn plants versus normal plants have shown that S. frugiperda females oviposited similarly on both types of plants (J.C.R. and A.V., unpublished data). Further experiments using insect-and mechanically damaged plants in Þeld conditions are needed to conclude that ovipositional deterrents are released by damaged plants.
It is widely accepted that host use of herbivorous insects is mediated to a large extent by plant secondary metabolites serving as stimulants or deterrents (Renwick and Chew 1994) . The evidence of the presence of deterrent in host plants of S. frugiperda, a generalist moth, runs counter to the Ramaswamy (1988) hypothesis that lack of deterrents make plants acceptable for generalist moths. However, the fact that plant extracts deter the oviposition of S. frugiperda does not mean that oviposition stimulants are lacking. The current consensus is that mixtures of compounds (in combination with visual and tactile cues) mediate host-Þnding and oviposition of phytophagous insects; some chemicals stimulate Þnding and oviposition, whereas other inhibit these and stimulate antagonistic behaviors (Miller and Strickler 1984) .
Spodoptera frugiperda females prefer to oviposit on grooved and pitted areas rather than on smooth surfaces. Surface texture, in addition to others cues, inßuences the oviposition of many moth species. Depending on the characteristics of their host plants or the species-dependent optimal condition for survival of the eggs, females prefer smooth, hairy, or rough surfaces (Renwick and Chew 1994) . We observed that S. frugiperda females oviposited on conducive surface textures without the presence of chemical cues. These results agree with observations that females of S. frugiperda oviposit on nonplant material (Pitre et al. 1983) . A similar phenomenon has been reported with E. postvittana, another generalist moth, where surface texture alone was found to be an important factor affecting ovipositional behavior; females preferring to lay on smooth rather than on rough surfaces (Foster et al. 1997) . In contrast, for specialist moth species, textural, contact chemical, visual, and odor cues are needed to elicit oviposition on speciÞc plants and plant parts (Ramaswamy 1988) .
Tactile cues predominated during the oviposition of S. frugiperda and could counteract (Miller and Stricker 1984 ) the deterrent effect of the corn extracts, because females lay on grooved surfaces independently of the presence or absence of leaf extracts. Our results agree with other studies, where it has been suggested that physical stimuli may have a greater inßuence than close-range chemical cues on the selection of oviposition sites by some moths Radke 1982, Grant and Langevin 1994) . For example, when given a choice between laying on surrogate twigs or on Þlter paper treated with host extract, C. fumiferana females preferred the surrogate twigs (Grant and Langevin 1994) .
In conclusion, this study extends our understanding of the host-Þnding behavior of S. frugiperda. First, it suggests that plant volatiles do not inßuence host Þnd-ing, at least within the limits of our bioassays. Second, it conÞrms the presence of ovipositional deterrents in corn plants and gives evidence of similar compounds in cotton and tomato. The chemical identity of these deterrents is presently unknown. Finally, this work shows that tactile cues may be of prime importance during the selection of egg laying sites by this moth.
